The transition to independence is a critical period of development and a focus of parent-offspring conflict over the optimum level of parental care, but there is continuing uncertainty over how much this transition is influenced by parents or offspring. We experimentally cross-fostered Manx shearwater chicks differing in age by 10-14 days and tested two predictions: 1) foodprovisioning rate in the period leading up to fledging is related to the duration of parental care rather than to the age of chicks; 2) parents protect themselves from exploitative offspring by becoming insensitive to begging behavior of chicks over the period leading up to fledging. We also examined whether fledging age was under endogenous hormonal control or influenced mainly by parents. Switching chicks had no effect on fledging age, which was mainly controlled by an internal mechanism linked to a marked and rapid increase in corticosterone secretion, with no difference among treatments in the timing or magnitude of this increase. In contrast, parents reduced their frequency of food delivery according to the number of days elapsed since they started provisioning, regardless of age of chicks and despite younger foster chicks having lower body condition and begging more intensely than older foster chicks or controls. These data provide clear experimental evidence of parent-offspring conflict over parental feeding frequency in late chick development and hence chick body condition at fledging. As predicted, parents resolved this conflict in their favor by responding much less to begging over the period prior to fledging than at earlier stages of chick development.
INTRODUCTION
D uring reproduction, the optimum level of care for offspring to receive may exceed the optimum level of care for parents to give, resulting in conflict between parents and offspring over the allocation of resources (Trivers 1974; Parker and Macnair 1979; Godfray 1995) . This conflict is predicted to be at its strongest during the transition to offspring independence at its (Trivers 1974 ), yet in comparison to earlier stages of growth, the interactions between parents and dependent young during this critical stage of development are only poorly understood. In many taxa, offspring use solicitation displays to elicit care from their parents (Kilner and Johnstone 1997; Thorogood et al. 2011) . When the intensity of such begging is an honest signal (Mock et al. 2011) , it provides information that parents can use to allocate resources efficiently and hence increase their fitness benefits (Royle et al. 2002; Grodzinski and Lotem 2007; Jacob et al. 2011 ). However, offspring may provide false information, for instance by continuing to beg intensely beyond an age when they no longer require parental care, thus placing parents in an evolutionary dilemma: they rely on begging behavior to allocate resources efficiently, but this makes them vulnerable to being exploited by current offspring and hence losing future fitness (Erikstad et al. 2009; Thorogood et al. 2011) . Here, we consider whether parents protect themselves from such exploitation by becoming insensitive to the begging behavior of offspring after a fixed period of parental care or whether the transition to independence is influenced mainly by the development and behavior of the offspring.
The question of whether parents become insensitive to the needs of their offspring after a fixed period of time or whether they adjust the duration of care according to the requirements of their young may be examined experimentally by cross-fostering young of different ages. Results are predicted to vary depending on the relative cost to parents of ignoring offspring need by withholding or withdrawing care too early compared with the cost of providing care for a longer period than is optimum for the parent (Rehling et al. 2012) . Previous cross-fostering experiments have found that, as predicted, parents adjusted their period of care according to offspring requirements in short-lived altricial species of rodents and birds (Swanson and Campbell 1980; König and Markl 1987; Rehling et al. 2012) but not in precocial rodents (Rehling and Trillmich 2007) . However, only a few studies, carried out in semiprecocial seabirds, have investigated the effects of parental rearing stage and offspring requirements on the transition to independence in long-lived birds, and results have been mixed, with parents extending their period of care in some cases but not in others (Johnsen et al. 1994; Gray and Hamer 2001; Catry et al. 2006 ). This could be due to that in some species, the costs to chicks of delaying fledging (e.g. delayed migration (Bustamante 1994; Jonker et al. 2011) or increased risk of predation (Dunn et al. 2010; Tilgar et al. 2011) ) outweigh the benefits of an extended period of care. If so, natural selection should favor chicks leaving the nest as early as possible and parents may not need a mechanism to initiate fledging (Evans et al. 1995; Rehling et al. 2012) . Selection may nonetheless favor parents that restrict food delivery to offspring prior to fledging, but it is not clear to what extent reduced provisioning rates may be due to reduced sensitivity of parents to begging behavior of chicks or reduced begging intensity of chicks as they complete their development (Mauck and Ricklefs 2005; Riou and Hamer 2010) .
Unraveling the complexities of parent-offspring conflict during the transition to independence will probably need not only an experimental approach but also an understanding of the physiological mechanisms underlying the timing of nest departure and whether these are under endogenous control or influenced mainly by parents. In particular, recent work has suggested that increasing corticosterone secretion by chicks might play an important role in the fledging process (Quillfeldt et al. 2007; . However, it is not clear whether changes in corticosterone levels result from changes in the level of parental care or whether they follow an endogenous rhythm linked to the age and development of chicks. Hence, recent studies have called for experimental work to determine whether endocrine changes prior to fledging are responsible for, or result from, prefledging changes in feeding and food-provisioning behavior (Sprague and Breuner 2010; Kozlowski et al. 2010) .
Manx shearwaters are widely distributed in the North Atlantic Ocean and show the typical petrel pattern of a single-egg clutch and slow chick development, with an average fledging period of ca. 70 days (breeding biology summarized in Brooke 1990; Hamer 2003) . They exhibit biparental care during incubation and chick rearing, with adults returning to feed their chicks only during hours of darkness (Riou and Hamer 2008) . They attain maximum body masses of 130-150% of adult mass at around 55-60 days posthatching and then lose mass, coinciding with a reduction in the size and frequency of meals delivered by parents (Hamer and Hill 1997) . Here, we experimentally crossfostered Manx shearwater chicks differing in age, by exchanging chicks between nests so that parents were given a foster chick 10-14 days older or 10-14 days younger than their own chick. We then tested two predictions: 1) food-provisioning rates in the period leading up to fledging are related to the duration of parental care rather than to the age of chicks, and (ii) parents become insensitive to the begging behavior of chicks over the period leading up to fledging. We also examined whether fledging was preceded by an increase in corticosterone secretion by chicks and if so, whether such an increase was related more to the duration of parental care or to the age of chicks.
MATERIALS AND METHODS
Data were collected during summer 2007 and 2008 at the large colony of Manx shearwaters on Skomer Island, southwest Wales (51.73°N, 5.28°W). Manx shearwaters are burrow nesters, and we reached chicks in their nest chambers via short access tunnels (typically 10-15 cm long) in the roof of each burrow, capped with removable earth lids. This system facilitated rapid access to chicks, reducing overall disturbance, and had no adverse effects on burrow occupancy, food-provisioning rates, or breeding success (Brooke 1990; Hamer and Hill 1997) . We determined hatching dates of chicks (to the nearest day) by direct observation or by calibrating wing length (maximum flattened chord, measured to the nearest 1 mm with a stopped wing rule) against wing growth in chicks of known age (Brooke 1990 ). Chicks at 32 nests in 2007 and 54 nests in 2008 were then weighed twice each day to the nearest 5 g using a spring balance, around sunset (21:00 h) and dawn (05:00 h) every day until fledging. An index of chick body condition (BC) was calculated daily using a measure of mass scaled to age (Riou and Hamer 2010) . Feed sizes and feeding frequencies were calculated from changes in chick body mass recorded overnight (Hamer and Hill 1997; Hamer et al. 2006 ). Wing length was measured every 5-7 days, as above, until fledging.
In 2008, 10 pairs of chicks differing in age by 10-14 days (average = 11 days) were switched between burrows prior to mass recession; young chicks were 32-37 days posthatching and old chicks were 45-50 days posthatching on the day of switching. It was possible to carry out this experiment because petrel parents do not appear to recognize their own chick, so unrelated chicks switched into the burrow are fed normally (Hamer et al. 1999; Gray and Hamer 2001) . All chicks hatched within 10 days of the median hatching date each year, avoiding any confounding effects of seasonal variation in adult age and experience or in environmental conditions around the colony.
Chick vocalizations
In 2008, vocalizations were recorded at 44 nests overnight using portable digital audio recorders placed on the ground above each nest and linked to the nest chamber by a miniature microphone. The recorders were switched on after weighing the chicks at dusk and switched off at the end of the night. In a sample of 416 recordings in 2008, spanning 20 experimental nests and 22 unmanipulated controls, we then counted begging calls during the first begging session of the night, when chicks beg most vigorously, following . We used the maximum rate of calling (calls/min) as a measure of begging intensity in each case (Quillfeldt 2002; Hamer et al. 2006 ).
Blood sampling and corticosterone assays
Chicks were blood sampled (200-300 μL) from the brachial vein, under license, using a syringe and 25 gauge needles. This was performed between 18:00 and 21:00 h, before adults started returning to land overnight, within 3 min of capture in each case (to measure baseline corticosterone levels; chicks may have been aware of our approach to some extent, but this would not have affected our comparison between treatments). In 2007, 32 chicks under natural conditions were sampled at 8-to 10-day intervals between 20 days of age and fledging. In 2008, coinciding with the experimental manipulation of chicks (see above), all 20 experimental chicks and 24 controls were blood sampled at approximately 25 and 40 days of age, and from 50 days of age onwards, samples were taken at 4-day intervals until fledging, with a maximum of 6 samples per chick. This had no discernible effect on the behavior or growth of chicks (Riou and Hamer 2010) . All blood samples were kept on ice, centrifuged within 2 h of collection, and plasma was stored at -20°C until analysis. Plasma concentration of corticosterone was then measured in duplicate by a single radioimmunoassay each year, following protocols described by Lormée et al. (2003) . The detection limit was 0.3 ng/mL, and the intra-assay coefficient of variation was 0.08 in 2007 and 0.09 in 2008. The interassay coefficient of variation was 0.09.
Statistical analyses
There were three treatment groups: 1) young chicks switched into nests previously containing an older chick (hereafter, younger foster-chicks); 2) old chicks switched into nests previously containing a younger chick (hereafter, older fosterchicks); and 3) unmanipulated controls, which were handled in the same way but not switched between nests. We examined the effects of experimental treatment on chick growth, behavior and hormone levels and on food-provisioning behavior of parents. We used linear mixed modeling in R (R 2007) to test for the effect of the interaction term age × treatment on each of our response variables in models of the form response variable ~ age + treatment + age × treatment + random (chick ID). Age was modeled as a polynomial function to account for nonlinear and nonmonotonic changes in response variables during growth. Data were collected on several occasions at each nest, so chick ID was included as a random effect to account for repeated measures (Pinheiro and Bates 2000) . From initial models including a fifth-order polynomial for age, we found the best fitting models by sequential removal of terms that were not significant (P ≥ 0.05), starting with age polynomials before considering interactions, and using likelihood ratio-tests with χ 2 as the test statistic to obtain the minimum adequate model in each case (Crawley 2007 ). When models did not include a random effect, F tests were used. In addition to this analysis of experimental data from 2008, we also pooled data from both years to assess the effect of natural variation in chick BC (as a continuous variable) on hormone levels and fledging age, and this analysis included Year as a fixed effect. Corticosterone levels and meal sizes were log transformed to fit assumptions of normality and homoscedasticity.
RESULTS

Chick age and condition at fledging
In 2008, there was no significant difference in fledging ages of chicks in different treatments (younger foster-chicks, 66.1 ± 1.1 days; older foster-chicks, 67.6 ± 1.0 days; controls, 68.1 ± 0.5 days; fledging age ~ treatment: F 2,42 = 0.9, P = 0.3). However, switching chicks between nests had a significant effect on growth up to fledging (interaction between treatment and age, modeled as a fourth-order polynomial: χ 2 8 = 118, P < 0.0001): younger foster-chicks attained below-average peak mass and fledged underweight, whereas older foster-chicks lost less weight than younger foster-chicks prior to fledging (Figure 1) . Moreover, natural variation in chick BC (averaged over ages 50-70 days) had a significant effect on fledging age: chicks approaching fledging in poorer condition fledged earlier than chicks in better condition (F 1,52 = 9.7, P < 0.01), resulting in a difference of 2.4 days in the average fledging ages of chicks with below-average and above-average BC. This analysis used data for nonexperimental chicks in both years, so the initial model included Year as a fixed effect, but this term was nonsignificant (P > 0.6) and not included in the final model. Switching had no effect on wing growth (interaction term with age as a second-order polynomial: χ 2 2 = 3.5, P > 0.1).
Parental food provisioning
After 45 days of age, older foster-chicks were fed more frequently than controls, whereas younger foster-chicks were fed less frequently than controls (interaction term with age as a second-order polynomial: χ 2 4 = 9.5, P < 0.05, Figure 2a ). This difference in age-specific food delivery resulted from parents reducing their frequency of food delivery according to the number of days elapsed since they started provisioning, regardless of the age of the chick (interaction term with days passed since start of provisioning as a second-order polynomial: χ 2 4 = 1.9, P > 0.8, Figure 2b ). Chick-switching also had a significant effect on feed sizes (interaction term with age as a third-order polynomial: χ 2 6 = 14.3, P < 0.05), but in contrast to feeding frequency, feed sizes did not reflect the time passed since parents started provisioning. Feed sizes of younger foster-chicks increased from 54.6 ± 1.9 g at age 20-60 days to 67.3 ± 6.3 g at age >60 days, whereas feed sizes decreased for controls (from 59.0 ± 1.3 g to 54.1 ± 2.7 g) over the same period, with no difference in the sizes of feeds provided to older foster-chicks and controls in the last 10 days prior to fledging (χ 2 1 = 0.2, P = 0.6). Hence, younger foster-chicks received larger feeds prior to fledging, despite their adoptive parents having spent longer in food provisioning.
Begging behavior and corticosterone levels of chicks
Switching had a significant effect on begging intensity (interaction term with age as a second-order polynomial: χ 2 4 = 14.4, P < 0.01), which increased steadily up to fledging in all three treatments (Figure 3) , with younger foster-chicks begging more intensely than others, whereas older foster-chicks begged no differently than controls.
In 2008, baseline corticosterone levels of chicks increased markedly from ca. 55 days posthatching to fledging (age effect, modeled as a second-order polynomial: χ 2 2 = 125, P < 0.0001, Figure 4 ), but there was no difference among treatments in the timing or magnitude of this increase (interaction effect: χ 2 1 = 0.9, P = 0.9; Figure 4 ). In addition, in a model of the form Corticosterone ~ age + BC + age × BC + random (chick ID), with age as a second-order polynomial, corticosterone levels of chicks in control nests were negatively related to chick BC (χ 2 1 = 9.8, P < 0.01; or using data only for chicks > 50 days posthatching -i.e. within ca 15 days of fledging, χ 2 1 = 11.6, P < 0.001), but the timing of the increase in corticosterone with age was not affected by BC (interaction between chick BC and age: χ 2 2 = 1.6, P = 0.5; Figure 5 ).
DISCUSSION
As predicted, parents in all treatments reduced their frequency of food delivery toward the end of the nestling period according to the number of days elapsed since they started provisioning, regardless of the age of the chicks. This resulted in older foster-chicks being fed more than controls prior to fledging. Yet they begged just as intensely as control chicks of a similar age, suggesting that well-fed chicks gave exaggerated signals of need at this stage of the season. This contrasts with earlier stages of the nestling period, when begging intensity was lower and negatively related to BC, providing an honest signal of need Hamer et al. 2006) . Younger foster-chicks received larger feeds than chicks in the other two treatments, but this was insufficient to offset their lower feeding frequencies, with the result that they attained lower peak and fledging masses than either of the other two treatments. This was despite the fact that younger foster-chicks solicited food more intensely than other chicks, suggesting that in contrast to earlier stages of the nestling period (Hamer et al. 2006 ), parents did not adjust their trip durations in response to information received from chicks during the period leading up to fledging. Together, these data support our second prediction that parents protected themselves from exploitative offspring by becoming much less sensitive to the begging behavior of chicks during the period of transition to nestling independence. Switching chicks between nests had no effect on fledging ages, supporting the notion that chicks fledged as early as possible once they had completed their development (hence, older foster-chicks fledged no later than controls), so parents did not need or have a mechanism to initiate fledging (hence, younger foster-chicks fledged no earlier
Figure 2
Frequency of food delivery (mean probability of being fed overnight ± 1 SE) for chicks in different treatments, as a function of (a) chick age (days) and (b) time (days) that parents have spent provisioning. Symbols as in Figure 1 .
Figure 3
Begging intensity (maximum frequency of calls/min) in relation to age of chicks in control and treatment groups. Symbols as in Figure 1 .
Figure 4
Corticosterone levels (mean ± 1 SE) as a function of age of chicks in control and treatment groups. Symbols as in Figure 1 . than controls). Chicks showed a several fold increase in corticosterone secretion over the final 2 weeks at the nest, in keeping with other studies (Kern et al. 2001; Quillfeldt et al. 2007; Wada 2008) , although no such change was seen in king penguins Aptenodytes patagonicus, which undergo a prolonged fast during completion of moult prior to fledging, or in snowy owls Nyctea scandiaca (Romero et al. 2006; . In this study, the timing of the prefledging increase in corticosterone was not affected by natural variation in BC and switching chicks had no effect on either the timing or the magnitude of the increase, which suggests that it did not result primarily from reduced food consumption but rather followed an endogenous rhythm linked to the age and development of chicks. These data support the notion that corticosterone is an important mediator of fledging, with elevated levels during the prefledging period possibly benefiting young birds by promoting flight and foraging (Corbel and Grascolas 2008; Kozlowski et al. 2010) .
Over the build-up to fledging, corticosterone levels of control chicks were negatively related to BC, suggesting that there was some influence of food provisioning on corticosterone secretion as also shown for nestlings of other species (Kitayski et al. 2001; Quillfeldt et al. 2010; Sprague and Breuner 2010) . In keeping with this influence, we also found that control chicks with lower BC fledged at a younger age, providing some support for the notion that parents can encourage offspring to leave the nest by reducing their rate of food delivery (Bustamante and Hiraldo 1990; Morbey et al. 1999) . In Leach's Storm-petrels Oceanodroma leucorrhoa, earlier fledging of lighter chicks was ascribed to them needing less time to lose sufficient weight to enable them to fly (Mauck and Ricklefs 2005) , but it could also result from poorly fed chicks having a lower probability of being fed by their parents and so being better served by departing to sea and commencing self-feeding rather than risking losing further mass by remaining at the nest (Harding et al. 2003; Gjerdrum 2004; Corbel et al. 2009 ).
We conclude that in Manx shearwaters, age at fledging is determined mainly by chicks, which appear to depart as early as possible once they have completed their development, with departure mediated by a marked and rapid increase in corticosterone secretion. In contrast, food-provisioning rate in the period leading up to fledging is determined mainly by parents, which appear to protect themselves from exploitative offspring by becoming relatively impervious to begging behavior of chicks during the approach to fledging.
